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Zener tunneling between Landau orbits in two-dimensional electron Corbino rings Current induced oscillations of differential conductivity of two-dimension electrons, placed in quantizing magnetic fields, are observed in GaAs quantum wells in Corbino geometry. The oscillations are periodic in the square of the inverse magnetic field and occur in Corbino rings with a width which is much lesser than the radius of the rings. The conductance oscillations are described by Zener tunneling between Landau orbits in the absence of the Hall electric field. During the last decade, nonlinear properties of two dimensional electrons have been the subject of strong interest due to gigantic oscillations of magnetoresistance, which occurs under microwave irradiation in the regime of large filling factors.
1,2 The phenomenon was predicted more than four decades ago 3 but still is the target of intensive investigations. [4] [5] [6] [7] [8] [9] [10] Another fundamental nonlinear phenomenon, occurring at large filling factors, was found in a response of 2D electrons to dc bias excitation. 11 Oscillations of differential resistance were found in the Hall bar samples. The following relation determines the position of the oscillations: cR c eE H ¼ l Á hx c , where c % 2, l ¼ 1, 2, 3… is an integer, x c is cyclotron frequency, R c is cyclotron radius, and E H ¼ q xy J dc is Hall electric field, where J dc is the electric current density and q xy is the Hall resistivity. Zener tunneling, which occurs between Landau levels in the presence of the Hall electric field E H , describes the observed oscillations. [11] [12] [13] [14] [15] [16] [17] [18] Two distinct sample geometries are widely used to study the magnetotransport in 2D electron systems: Hall bar geometry and Corbino geometry. In the Hall bar geometry, components of the resistivity tensor q are measured. Components of the conductivity tensor r are then computed using the relations r xx ¼ q xx =ðq 2 xy þ q 2 xx Þ and r xy ¼ q xy =ðq 2 xy þ q 2 xx Þ. The Corbino geometry is less universal since only the diagonal component r xx of the conductivity tensor can be measured. In the linear regime, the measurements of the conductivity of uniform and isotropic conductors are equivalent in both geometries. Measurements of the nonlinear response can yield significantly different results, because of the distinctly different electric field distribution in the two geometries.
This paper presents the results of experimental investigations of nonlinear properties of 2D electron Corbino disks. The goal of the investigations is the observation of Zener tunneling between Landau levels in the regime when the Hall electric field is absent. The experiments show that the resistance oscillations, which are induced by Zener tunneling, occur only in "narrow" 2D rings. In "wide" rings, the oscillations are strongly damped due to an averaging of the oscillation amplitude induced by the electric field variations in the radial direction. In contrast to the resistance oscillations in the Hall bar geometry, which are periodic in the inverse magnetic fields, the Zener oscillations in 2D rings are periodic in 1=B
2 . This is related to the fact that the Hall electric field increases linearly with B (E H ¼ q xy J dc ), whereas the electric field in Corbino disks does not depend on the magnetic field.
Studied heterojunctions are single GaAs quantum wells which are sandwiched between AlAs/GaAs superlattices. 19 The width of the GaAs quantum wells is 13 nm. The structures are grown by molecular beam epitaxy on (100) GaAs substrates. Fig. 1 shows a schematic picture of the Corbino disks. Electric contacts are formed by the deposition, optical lithography, and annealing of AuGe eutectic. The radius of the inner (outer) contact is r 1 (r 2 ). Two types of the rings are studied: "narrow," shown in Fig. 1(a) and "wide," shown in Fig. 1(b) . Rings of the same type demonstrate the same results. This paper presents results for two samples ( Fig. 1 ): 1-"narrow" ring and 2 -"wide" ring.
Conductance of the Corbino discs G 12 ¼ I ac =V ac (Fig. 2 ) is determined by measurements of alternating current I ac at frequency from 10 Hz to 1 KHz using lockin amplifier. The amplitude of ac voltage V ac , applied between inner and outer contacts, was kept constant. Amplitude of the voltage, providing the linear response of the 2D electron systems, was less than 1 mV. The differential conductance g 12 was measured in the same way by applying a dc voltage V dc in addition to the voltage V ac (Fig. 3 ). Measurements were taken at temperature T ¼ 4.2 K in magnetic fields B < 2T. The electron density and the mobility of 2D electrons are n e ¼ 8. Figure 2 presents magnetic field dependencies of the conductance of "narrow" and "wide" 2D electron Corbino discs. At T ¼ 4.2 K and B > 0.5 T, Shubnikov de Haas oscillations of conductivity (SdH) are observed. At smaller magnetic fields, the longitudinal conductivity decreases significantly with the field. Fig. 3 shows that at small magnetic fields, an application of the dc voltage induces conductance oscillations, which are considerably stronger in the "narrow" Corbino discs. An analysis of positions of the oscillation maximums reveals 1/B 2 periodicity. This is shown in the inset to Fig. 3(b) .
The appearance of the oscillating differential conductance of Corbino discs in response to the electric field E dc suggests that the dc bias induced Zener transitions are possible origin of the observed oscillations. The Zener transitions between Landau levels occur at the condition
where E is the applied electric field and l ¼ 1, 2, 3… is integer. At quantizing magnetic fields, the electric field E applied to high mobility 2D electrons is mostly the Hall electric field E H : E % E H / J dc =B and is directed perpendicular to the electric current density J dc , which is the controlled parameter in the Hall bar geometry. Since R c / 1=B and x c / B Eq. (1) yields resistance oscillations at B l / J dc =l in the Hall bar geometry. In Corbino discs, the electric field E ¼ E dc is determined by the voltage applied between the inner and outer contacts V 12 ¼ V dc and the distance between them. The electric field E dc ðrÞ is not uniform and decreases with the distance from the inner contact. The mean value of the field is 
In terms of the electric field E dc , which is the controlled parameter in the Corbino geometry, the conditions for Zener transitions occur at B 2 l / ðE dc =lÞ. This behavior is observed in "narrow" discs in which the electric field E dc depends weakly on the radius r and is equal to E av dc . In "wide" Corbino rings, the electric field E dc ðrÞ varies considerably with the radius r and the Zener oscillations are averaged out. Taken at a fixed magnetic field, dependencies of the conductance on the mean electric field g 12 ðE av dc Þ demonstrate qualitatively similar behavior. This is shown in Fig. 4 . We note that the conductance drop at E dc ¼ 0, which is determined largely by the dc bias induced spectral electron diffusion, 20 is sharper in wider rings. This behavior indicates the dominant effect of the region with the highest electric field (located near the inner contact) to the Corbino ring conductance. 2 . A numerical fit of the shown dependence indicates the slope c % 1.8, which is close to 2 as expected for the Zener transitions between Landau levels at high filling factors. 11 In summary, this paper presents experimental investigations of the effect of dc electric fields on the conductance of 2D electron systems placed in a strong perpendicular magnetic field. The experiments show that the application of the electric field to 2D Corbino discs, fabricated from selectively doped heterostructures GaAs/AlAs, induces oscillations of the conductance which are due to Zener tunneling between Landau levels in the absence of the Hall electric field. This work was supported by RFBR (project 11-02-00925) and NSF (DMR1104503). 
